Line-of-sight kinematic studies indicate that many Galactic globular clusters have a significant degree of internal rotation. However, three-dimensional kinematics from a combination of proper motions and line-of-sight velocities are needed to unveil the role of angular momentum in the formation and evolution of these old stellar systems. Here we present the first quantitative study of internal rotation on the plane-of-the-sky for a large sample of globular clusters using proper motions from Gaia DR2. We detect signatures of rotation in the tangential component of proper motions for 11 out of 51 clusters at a >3-sigma confidence level, confirming the detection reported in Gaia Collaboration et al. (2018a) for 8 clusters, and additionally identify 11 GCs with a 2-sigma rotation detection. For the clusters with a detected global rotation, we construct the two-dimensional rotation maps and proper motion rotation curves, and we assess the relevance of rotation with respect to random motions (V /σ ∼ 0.08 − 0.51). We find evidence of a correlation between the degree of internal rotation and relaxation time, highlighting the importance of long-term dynamical evolution in shaping the clusters current properties. This is a strong indication that angular momentum must have played a fundamental role in the earliest phases of cluster formation. Finally, exploiting the spatial information of the rotation maps and a comparison with line-ofsight data, we provide an estimate of the inclination of the rotation axis for a subset of 8 clusters. Our work demonstrates the potential of Gaia data for internal kinematic studies of globular clusters and provides the first step to reconstruct their intrinsic three-dimensional structure.
INTRODUCTION
Globular clusters (GCs) are old stellar systems (> 10 Gyr) shaped by the complex interplay between internal evolutionary processes (stellar evolution and dynamical evolution) and external processes (interaction with the host galaxy). The details of their formation and subsequent long-term evolution remain an unanswered question in modern astrophysics.
GCs have long been considered spherical, non-rotating stellar systems, given that internal relaxation processes would naturally dissipate angular momentum on a longterm evolutionary scale (see e.g. Tiongco et al. 2017 and references therein). However, in recent years, an increasing E-mail: bianchip@mcmaster.ca † CITA National Fellow number of line-of-sight kinematic studies have shown evidence that a significant amount of internal rotation is actually present in many present-day Milky Way (MW) GCs (Ferraro et al. 2018; Lanzoni et al. 2018; Kamann et al. 2018; Boberg et al. 2017; Jeffreson et al. 2017; Lardo et al. 2015; Kimmig et al. 2015; Fabricius et al. 2014; Kacharov et al. 2014; Bianchini et al. 2013; Bellazzini et al. 2012; Lane et al. 2011) . As of today, more than 50% of the GCs sampled show clear signatures of internal rotation (Kamann et al. 2018) . Moreover, signatures of rotation have also been reported for intermediate-age clusters (e.g. Mackey et al. 2013) , young massive clusters (Hénault-Brunet et al. 2012 ) and nuclear star clusters (Feldmeier et al. 2014; Nguyen et al. 2018) , indicating that internal rotation is a common ingredient across dense stellar systems of different scales.
On the theoretical side, the presence of a significant amount of internal rotation raises a series of fundamental is-sues connected to the formation and evolution of GCs. First, rotation is expected to change the long-term dynamical evolution of GCs, with a number of studies indicating that rotation accelerates the evolution (e.g. Einsel & Spurzem 1999; Kim et al. 2008; Hong et al. 2013 ) and strongly shapes their present day morphology (van den Bergh 2008; Bianchini et al. 2013) . Moreover, even a low amount of angular momentum in todays GCs could represent the fossil-record of strong primordial rotation in proto-GCs , Mapelli 2017 or indicate a peculiar evolution environment (Vesperini et al. 2014; Tiongco et al. 2018) . Finally, signatures of internal rotation could be crucial in revealing the formation mechanisms of the still-unsolved puzzle of multiple stellar populations in GCs (Mastrobuono-Battisti & Perets 2013; Hénault-Brunet et al. 2015; MastrobuonoBattisti & Perets 2016; Cordero et al. 2017) .
Despite the recent advances in the study of internal rotation along the line-of-sight, only a handful of works have provided direct measurements of rotation on the planeof-the-sky. In fact, high accuracy Hubble Space Telescope (HST ) proper motions (PMs) only deliver relative measurements, implying that any solid body rotation is canceled out in the data due to the astrometric reduction (McNamara et al. 2003; McLaughlin et al. 2006; Anderson & van der Marel 2010; Bellini et al. 2014; Watkins et al. 2015a,b) . A few exceptions include the study of NGC5139 by van Leeuwen et al. (2000) with photographic plates spanning several decades; the HST studies of NGC104 (Anderson & King 2003; Bellini et al. 2017 ) and NGC362 (Libralato et al. 2018) exploiting the background stars of the Small Magellanic Cloud as an absolute reference frame against which to measure the rotation of the cluster; and the HST study of NGC6681 by Massari et al. (2013) using background stars of the Sagittarius dwarf spheroidal galaxy as a reference. Finally, indirect measurements of rotation on the plane-of-thesky have been reported studying the shape of the proper motion distributions of NGC6656, NGC104 and NGC5139 (Peterson & Cudworth 1994; Heyl et al. 2017; Bellini et al. 2018, respectively) , or by geometric reconstruction for NGC5139 and NGC7078 (see van den Bosch et al. 2006, respectively) .
In order to understand the role of angular momentum in GCs, a simultaneous analysis of rotation along the lineof-sight and on the plane-of-the-sky is necessary. This was demonstrated by Bellini et al. (2017) who discovered the presence of an unexpectedly high amount of intrinsic internal rotation in NGC104, with the combination of threedimensional kinematics and dynamical models. Gaia DR2 proper motions provide the optimal tool to directly detect internal rotation on the plane-of-the-sky (Gaia Collaboration et al. 2016a Collaboration et al. , 2018b and the necessary first step for a three-dimensional analysis of GC dynamics. Gaia Collaboration et al. (2018a) demonstrated the feasibility of these measurements with DR2 and reported a qualitative detection of rotation for 8 GCs. Moreover, an analysis of the rotation profiles of the different stellar populations of NGC104 was reported in Milone et al. (2018) . The goal of our paper is to provide a homogenous investigation of rotation on the planeof-the-sky for a large sample of GCs, quantifying the amount of angular momentum and its spatial distribution, together with an interpretation of the three-dimensional structure of a GC. In Section 2 we describe the selection of our targets in Gaia DR2, in Section 3 we present the procedure followed to clean the datasets and the analysis to measure the global rotation, the proper motion rotation profile and rotation maps. In Section 4 we present our results, we assess the role of angular momentum with respect to random motions, and estimate the inclination angle of the rotation axis for a subsample of clusters. Finally, in Section 5 we discuss our conclusions.
TARGET SELECTION
We consider a total of 85 Milky Way globular clusters with distance from the Sun < 15 kpc. For these clusters, we perform mock observations of PM rotation in order to determine for which systems a rotation signal could be detectable with Gaia DR2.
For each cluster we select all stars within three halflight radii (3R h , with R h and the coordinates of the centre of the clusters from the Harris Catalogue, Harris 1996 Harris , 2010 edition) from Gaia Data Release 1 (Gaia Collaboration et al. 2016a,b) . For each of the stars we assign a mock velocity field consisting of a radially-constant velocity dispersion for both the radial and tangential velocity component µr and µt, drawn from a Gaussian distribution centred on zero and with a dispersion of 10 km s −1 . Moreover, we add a rotational component in the tangential direction given by
describing the typical differential rotation profiles of GCs observed in line-of-sight velocity measurements (e.g. Kacharov et al. 2014; Mackey et al. 2013 ). We consider as the peak of the velocity profile V peak = 1 km s −1 and as the radial position of the rotation peak R peak = R h . Finally, we assign to each velocity an estimated measurement error computed using the PyGaia package, 1 in order to reproduce the expected proper motion accuracy of Gaia DR2. Our mock observations assume that all the stars measured within 3R h are genuine cluster members; moreover we restrict our analysis to within 3R h from the cluster centres since this is the typical region where the rotation signal is expected to be significant (e.g. Bianchini et al. 2013; Ferraro et al. 2018) .
For each cluster, we measure the rotation signal (i.e. the mean value of the µt velocity component) and the associated 68% uncertainties considering the log-likelihood function
with p(vi, i) the probability of finding a star with velocity vi and uncertainty i, given a mean velocity v and velocity dispersion σ (see e.g. Kamann et al. 2018 )
We compute the average rotation in the tangential component within 3R h , the velocity dispersion and the associated 1-sigma errors sampling the log-likelihood function (equation 2) using the Markov Chain Monte Carlo algorithm emcee by Foreman- Mackey et al. (2013) . Clusters for which the rotation signal was recovered with at least a 3-sigma confidence level were selected as our targets and further considered for the analysis of the Gaia DR2 dataset. The GCs that did not pass the cuts are typically characterized by numbers of stars in the field-of-view N < ∼ 10 3 and are at distances d > ∼ 10 kpc. The list of the selected 51 GCs are reported in Table 1 . These clusters are the objects for which we should be able to detect at least a 1 km s −1 rotation signal given their distance and number of member stars.
MEASUREMENT OF ROTATION ON THE PLANE OF THE SKY
For the 51 selected targets we consider all the stars from Gaia DR2 within 3R h of their centres. In this section we describe the procedure used to select cluster members, eliminate likely foreground and background contamination, and detect rotation signals.
Selection of cluster members
First, we clean each cluster sample of poorly measured stars based on their photometric and astrometric errors, here indicated as σ. All stars with photometric or astrometric errors larger than 3 σ at a given magnitude are rejected. We next consider a set of nested criteria for our membership selection based on the stars' parallaxes (1), position in the colour-magnitude diagram CMD (2), and their PM (3). In step (1), each list is cleaned of obvious MW contaminants based on their heliocentric distances inferred from parallaxes. Given the distance of a star d and its error σ d , stars at distances of d + 3σ d < X are considered as contaminants, with X=1 kpc for all the GCs at a distance d < 6 kpc and X=5 kpc for GCs with d > 6 kpc. In step (2) PARSEC isochrones (Marigo et al. 2017 ) are used to define a region in the CMD where member stars are expected to be found. Only stars whose position in the CMD is compatible with the used isochrones are considered as possible members. We use 2σ as the maximum allowed distance from the star to the isochrone. Isochrones were chosen to have the known age, metallicity and reddening of each given cluster (from Harris 1996, see also Table 1 ).
Member stars move coherently forming a clump in PM space. In step (3), we search the PM space for any overdensity of stars and determine which stars belong to it. We use DBSCAN, a density-based clustering algorithm, for this task (Ester et al. 1996) . DBSCAN uses a distance, , to determine whether two points are density-connected in the PM space. We define this distance as: = σ1D/2 + σν + 3σ(σν ), where σ1D is the intrinsic velocity dispersion of the cluster in 1D converted to PM (we consider the central values of the velocity dispersion reported in Baumgardt & Hilker 2018, see also Table 1 ), σν is the average error in PM of the sample, and σ(σν ) is the dispersion of the error in PM. Using the distance , a cluster defined by DBSCAN must satisfy two properties: all points within the cluster must be mutually density-connected, and any point density-reachable from any point of the cluster is also part of the cluster. Using these criteria, DBSCAN identifies co-moving stars that are likely members of the cluster.
Each one of the steps from our pipeline produces a flag that is used to characterize the star membership probability from 0 to 3. We consider as cluster members those stars that simultaneously satisfy all of the selection criteria. In Table 1 we report the number of selected stars for each of the cleaned samples and in Figure 1 , we show the cleaned data for NGC6656 and NGC6352, as an example.
The proper motion diagrams of Figure 1 present spike features for high velocity stars.
2 These spikes reflect low-quality astrometric measurements, specifically due to a dishomogeneous scanning pattern of Gaia, and can be identified through the astrometric quality parameter variability_periods_used (see e.g. Lindegren et al. 2018) . The details of the effects on kinematics of these features are described in a follow up paper (Bianchini et al. in prep.) . In this work, we verify that the rotation detections reported in the next sections do not depend on these features: kinematics subsamples that include a cut in the variability_periods_used give results fully consistent with the one obtained in the following sections.
Global rotation measurements
To measure the rotation on the plane-of-the-sky, we convert the stellar positions into cartesian coordinates centred on each cluster (centres from the Harris Catalogue, Harris 1996) , with the positive x-axis pointing toward West and the positive y-axis pointing toward North, using equation (1) 3 Finally, we transform the proper motions in radial and tangential components (µr,µt) in polar coordinates, with positive µr indicating velocities away from the cluster centre and positive µt indicating counterclockwise movements. In the rest of this paper we will focus on the analysis of the tangential component of the proper motions and analyze the radial component in Section 4.2.
We compute the global rotation along the tangential component within 3R h using equation 2, as described in Section 2. The results are reported in Table 1 and plotted in Figure 2 . Out of the 51 GCs analyzed, 11 display an average value of µt significantly different than zero at a confidence level > 3-sigma. These clusters are indicated as red symbols in Figure 2 . We confirm the detection of rotation in NGC104, NGC5139, NGC5272, NGC5904, NGC6656, NGC6752, NGC6809, NGC7078 reported by Gaia Collaboration et al. (2018a) , and additionally we detect rotation in NGC4372, NGC6273 and NGC7089.
Gaia Collaboration et al. (2018a) and Lindegren et al. (2018) reported that systematics errors are present in Gaia DR2, in particular a ∼ 1
• small-scale component, related to the Gaia scan pattern. Following the procedure outlined in Section 3.1 of van der Marel et al. (2018) for M31, we ensure Table 1 . Properties of the 51 selected clusters and their derived kinematic properties from Gaia DR2. For all GCs we report the distance d, the half-light radius R h , the metallicity [Fe/H], distance modulus (m−M) V and reddening E (B−V ) from the Harris catalog (Harris 1996) , the central velocity dispersion σ 0 from Baumgardt & Hilker (2018) , the number of selected member stars from Gaia DR2, and the measured rotation signal in the tangential proper motion component within 3 half-light radii µt(< 3R h ) from this work. For clusters with a 3-sigma rotation detection, we further report the value and the position of the peak of the rotation profile, V peak and R peak and the V /σ parameter, defined as the ratio of the proper motion rotation peak and the central velocity dispersion. For all the other clusters we report the 1-sigma upper limit of the V /σ parameter. that these systematics do not induce an artificial rotation pattern in a typical GC field-of-view. We create a systematics pattern noise in a field-of-view of 10 arcmin and calculate the mean tangential proper motion. Our test suggests that within 10 arcmin the systematics are <0.5 µas yr −1 , well below our typical errors on the mean tangential velocity (∼ 10 µas yr −1 ). Therefore we conclude that the small-scale systematic errors do not dominate our measurements.
The fraction of rotating GCs detected in line-of-sight studies is approximately ∼ 50% (Kamann et al. 2018 ). Here we detect rotation in a lower fraction of clusters, ∼ 20% of the sampled GCs. Assuming random inclinations for the rotation axes of GCs (inclination angle i distributed as sin i di), we expect to observe 70% of clusters with inclinations higher than 45
• (with an average angle of 60 • ). This would imply that clusters are preferentially observed with an edge-on view, making a detection along the line-of-sight more likely, and in agreement with the higher fraction of rotating clusters reported in Kamann et al. (2018) . However, we note that the study of Kamann et al. (2018) and the one in this work refer to different parts of the clusters, with the Kamann et al. (2018) sample being more centrally concentrated. Additionally, the detection limits of Gaia DR2 could likely limit the ability of measuring low-rotation signals for clusters at larger distances. This could further explain the different fractions of rotating clusters detected in the two works.
In addition to the clusters for which we detected a signal of rotation at a > 3-sigma level, we also report detection of rotation at a 2-sigma confidence level for 11 GCs: NGC3201, NGC5286, NGC6121, NGC6205, NGC6254, NGC6266, NGC6397, NGC6402, NGC6539, NGC6541, NGC6779. We identify these clusters as the best targets for follow-up planeof-the-sky rotation studies when higher quality data will be available (e.g. the following Gaia data release).
Rotation maps and profiles
For the 11 clusters for which we reported a global detection of rotation (> 3-sigma detection), we perform a more detailed analysis in order to extract the spatial distribution of the rotation signal; in particular, we construct proper motion rotation profiles and two-dimensional rotation maps.
Here we note that the procedure to select member stars followed in Section 3.1 does not take into consideration the radial-dependency of the velocity dispersion σ. For this reason, we implement a further radial-dependent σ-clipping to ensure that the contamination from background and foreground stars is successfully minimized, especially in the outer areas of the fields-of-view where the relative density of contaminants is higher. For each cluster, we divide the datasets into 5 radial bins containing the same number of stars, we calculate the velocity dispersion in the tangential component for each radial bin (using equations 2 and 3) and exclude the stars with tangential velocities greater than 3σ.
The newly cleaned datasets are used to calculate the rotation profiles, computed by dividing the field-of-view into concentric radial bins containing the same number of stars. For each bin we use equations 2 and 3 to calculate the mean tangential velocity and associated errors. The details of the profiles of each cluster are reported in Tables 2 and 3. The two-dimensional velocity maps are computed by first dividing the fields-of-view in a grid of equally sized bins (grid of 30×30 and 50×50 bins for those clusters with low and high number of stars, respectively) and then by using the Voronoi binning algorithm (Cappellari & Copin 2003) that re-bins the field-of-view into bins with an equal number of stars (with at least 100 stars per bin). For each bin we calculate the mean velocity along the tangential component and the associated errors, as described in Section 2 above. The rotation velocity profiles and maps are reported in Figures 3, 4 and 5.
RESULTS
Figures 3-5 show the typical differential rotation pattern characterized by lower values closer to the centre, a peak in the intermediate region and a decrease toward the outer part. For 6 out of the 11 rotating GCs we find counterclockwise rotation (positive values of the mean µt) while the other 5 display clockwise rotation. This is consistent with a random distribution of rotation patterns, indicating that the observed rotation is not due to systematics. To quantify the contribution of rotation, we fit the profiles using the empirical profile provided by equation 1. With the fits we are able to quantify the position and the value of the rotation peak, Table 4 ).
as reported in Table 1 . The detected maximum rotation signal ranges between ∼ 0.5 km s −1 for NGC4372 and ∼ 6 km s −1 for NGC104 and NGC5139, and the rotation peaks are located within 0.5-2 R h from the cluster centres (consistent with the findings in line-of-sight studies, e.g. Bianchini et al. 2013; Ferraro et al. 2018 ; see also Tiongco et al. 2017 for the expectation from N -body modelling). Note that a proper crowding treatment was not implemented in Gaia DR2 causing the lack of observed stars in very crowded regions. This affects the central regions of most of our clusters, were no data is available at small radii (< 1 arcmin).
We perform a comparison of the results obtained in this work with the previous proper motion studies of NGC104 and NGC5139. For NGC104, we compare our results with the rotation profile of Bellini et al. (2017) (HSTPROMO collaboration) measured with HST proper motions using the background stars of the Small Magellanic Cloud as an absolute reference frame. The first panel of Fig. 3 demonstrates the excellent agreement between the two datasets, indicating the optimal capability of Gaia to detect rotation signatures in proper motions.
For NGC5139, we compare our results with the proper motion rotation profile used in Bianchini et al. (2013) , indicating a good agreement between the two datasets (see third panel of Fig. 3 ). The discrepancies visible around 10-15 arcmin can be ascribed to the construction procedure of the literature sample (originally described in van Leeuwen et al. 2000; van Leeuwen & Le Poole 2002) . In fact, these ground-based proper motions do not directly measure the internal rotation of NGC5139, since the astrometric reduction process removes any signature of solid body rotation in the cluster. A correction to the dataset has been applied to recover the internal rotation signal, as described in Section 4 of van de Ven et al. (2006) exploiting a general relation for axisymmetric objects.
Comparison with Gaia Collaboration et al. (2018a)
In addition to the comparisons with previous proper motion rotation studies presented above, we perform a comparison with the results presented in Gaia Collaboration et al. (2018a) , as part of the Gaia DR2. In particular, for each of the 11 clusters for which we detected rotation and constructed rotation profiles, we assure that our membership selection procedure (Section 3.1) gives results consistent with the membership selection used in Gaia Collaboration et al. (2018a) . Our sample is restricted to the central 3R h area around the cluster centres, while the clean catalogs of Gaia Collaboration et al. (2018a) extend to the tidal radii of the clusters; moreover, our selection procedure takes into consideration the radial dependency of the velocity dispersion (see Section 3.3). We select the stars in common between the two clean catalogs (using the members in Gaia Collaboration et al. 2018a reported in their Table D. 3), and apply our analysis to construct rotation maps and rotation profiles. The rotation profiles and maps obtained are consistent with the one presented in this paper, stressing the robustness of our results. In Figure 6 , we show the comparison between the global rotation values within 3R h for our work and for the stars in common with the Gaia Collaboration et al. 
Mean proper motion along the radial component
So far we have concentrated exclusively on the tangential component of the proper motions µt. For a consistency check, we compute the profile of the radial component of the proper motions µr using the same procedure described in Section 3. 
where V los is the systemic velocity of the cluster along the line-of-sight in km s −1 , R is the distance to the cluster centre in arcmin and d is the distance of the cluster to the sun in kpc.
In Figures 7 and 8 we show the profiles of the mean µr and overplot the expected perspective contraction/expansion from equation 4, using as values of V los the one reported in Baumgardt & Hilker (2018) . Despite the scatter of the data due to small mean values of the order of < 1 km s −1 , our results show consistent trends with the expected contraction/expansion. This results indicates that if data systematics are present they are below the random uncertainties of the data. A detailed analysis of the impact of Gaia DR2 error systematics on the mean radial proper motion component profiles will be presented in an upcoming paper (Bianchini et al. in prep.) .
V/σ parameter
A simple tool to assess the importance of internal rotation in shaping stellar systems is the study of the V /σ parameter (e.g., Davies et al. 1983; Emsellem et al. 2011; Bianchini et al. 2013) , defined as the ratio between the peak of the rotation (from this work) and the central velocity dispersion (from line-of-sight measurements, Baumgardt & Hilker 2018) . 4 The V /σ values measured in this work are reported in Table 1 and display values between 0.08 for NGC6752 and ∼0.5 for NGC104 and NGC5904. These values provide the first measurements of V /σ on the plane-of-the sky for a large sample of clusters.
For the clusters for which a global rotation signal was not detected with a 3-sigma confidence level, we estimate an upper limit of the V /σ as the upper 1-sigma limit of the mean tangential proper motion measured within 3 halflight radii, divided by the central velocity dispersion (as reported in Table 1 ). In Figure 9 we relate the V /σ parameters derived in this work with a number of GC proper- ties, namely the cluster ellipticity, the half-mass relaxation time T rh , metallicity [Fe/H], concentration c (from Harris 1996), the mass-to-light ratio M/L and total cluster mass M (from Baumgardt & Hilker 2018) . For each plot we perform a Spearman rank test and calculate the Pearson correlation coefficient indicating the correlation between V /σ and the different cluster properties (we indicate the two correlation coefficients with rs and rp, respectively). The correlation tests are performed only for the objects with a 3-sigma rotation detection (red symbols in Figure 9 ). We find weak to moderate correlations, the strongest of which are between the V /σ and the metallicity, the relaxation time, and the total mass. The correlation between line-of-sight rotation and metallicity was reported in Bellazzini et al. (2012) and Lardo et al. (2015) , indicating higher rotation for metal-rich clusters (rs = 0.423 and rs = 0.32 for Lardo et al. (2015) and this work, respectively). As pointed out by Bellazzini et al. (2012) this correlation, if confirmed, could be be indicative of the earliest phases of GC formation, where higher metallicity would imply higher efficiency in energy dissipation (see Bekki 2010 Bekki , 2011 . This correlation was not confirmed in Kimmig et al. (2015) and neither in Kamann et al. (2018) , whose data were however limited to the central areas only. When we include all the clusters (grey upper limits in Figure 9 ) the hint of correlation between V /σ and metallicity is not present anymore. We argue that a study of the intrinsic three-dimensional rotation signature is necessary to reach a robust assessment of this correlation, to avoid the complications derived by projection effects.
On the other hand, the correlation between V /σ and the relaxation time is particularly interesting since it connects the current properties of a cluster with its long-term dynamical evolution. Angular momentum is expected to be transported outwards in a stellar systems while it dynamically relaxes. This naturally causes the decline of the rotation peak with time (see Tiongco et al. 2017 and references therein) . Therefore, clusters with longer relaxation times are expected to retain more efficiently their primordial signatures of internal rotation. This result confirms the finding reported in Kamann et al. (2018) (rs = 0.55 and rs = 0.18 for Kamann et al. (2018) and this work, respectively) and highlights the importance of internal rotation in the earliest phases of GC formation, despite the moderate amplitude of rotation measured in present-day GCs. We notice that the correlation between the V /σ and the total mass reinforces the validity of the discussion above, since clusters with higher mass display longer relaxation times. When we include all the clusters (grey upper limits in Figure 9 ) the correlations are strengthened, given further support to our previous findings.
Estimate of the inclination of the rotation axis
In this section we provide a first estimate of the inclination of the rotation axis with respect the line-of-sight for a subset of the GCs presented in this work. We apply two simple methods to assess the inclination i: (1) we compare the rotation on the plane-of-the-sky to the rotation along the lineof-sight; (2) we exploit the two-dimensional rotation maps presented in Section 3.3.
In general, line-of-sight values of V /σ higher than the one measured on the plane-of-the-sky imply that a cluster is viewed close to an edge-on projection, that is the rotation axis is almost perpendicular to the line-of-sight (i > 45
• ). Vice versa, clusters with a rotation axis pointing close to the direction of the line-of-sight (i < 45
• ) will display higher values of V /σ on the plane-of-the-sky. This comparison is straightforward only for a limited number of clusters, since only global values of the rotation strength are usually reported and the peak of the rotation curve is not characterized (e.g. Kamann et al. 2018 ). Table 4 . Estimate of the inclination of the rotation axis derived from a comparison between tangential PMs along the major and minor axis (equation 6) and from a comparison between PM rotation and line-of-sight rotation (equation 5). φ represents the position angle of the rotation axis (measured from North to East) from line-of-sight studies ( (a) Kamann et al. 2018, (b) Kacharov et al. 2014) , ∆ is the width of the slit along the major and minor axis, µ min t and µ maj t are the mean values of the tangential proper motions along the minor/major axis. NGC104, NGC5904, and NGC7078 have V /σ on the plane-of-the-sky measured in this work of 0.51, 0.51 and 0.42, respectively, and of 0.25 (Bianchini et al. 2013 ), 0.4 (Lanzoni et al. 2018 , and 0.23 (Bianchini et al. 2013 ) along the line-of-sight. This indicates that the rotation axis is significantly inclined and the intrinsic contribution of internal rotation is higher than the one so far inferred from lineof-sight data alone. This was already reported in Bellini et al. (2017) for NGC104, where detailed axisymmetric rotating models were applied to a three-dimensional kinematic dataset leading to an estimate of the inclination of the rotation axis of i ∼ 30. This result was not previously known for NGC7078 and NGC5904 (Lanzoni et al. 2018) . For NGC4372 and NGC5139 the line-of-sight V /σ (0.26, Kacharov et al. 2014 , 0.34, Bianchini et al. 2013 ) are comparable to the one on the plane-of-the-sky (0.23 and 0.35, respectively), indicating that the systems are likely viewed on an angle i ∼ 45
• (see van de Ven et al. 2006 for NGC5139) . A more quantitative analysis can be carried out using the following general relation for axisymmetric systems (see equation 8 from )
connecting locally the average line-of-sight velocity v los to the average proper motion component along the rotation axis of the system µ y (corresponding to the minor axis); with d the distance in kpc and i the inclination of the rotation axis. A detailed comparison between line-of-sight datasets and proper motion datasets is beyond the scope of this work; however, we note that along the axis perpendicular to the rotation axis (i.e. the major axis), µ y = µt. The relation must also be valid at the peak of the rotation curve (which is located at a similar position both for the line-ofsight and for the proper motion rotation curves Table 4 .
An alternative way to measure the inclination of the rotation axis consists of exploiting the spatial information contained in the two-dimensional rotation maps presented in Section 3.3. Assuming that all stars in an axisymmetric GC rotate around the symmetry axis with velocity vrot, then vrot can be written as the vectorial sum of the line-of-sight rotation component and the plane-of-the-sky tangential velocity component, v (6) Therefore, we can obtain an estimate of the inclination by comparing the mean tangential proper motion along the minor and the major axis. Using the values of the position angle of the rotation axis available from line-of-sight studies (see Table 4 and Figures 3, 4 and 5) we rotate the clusters so that the y axis coincides with the rotation axis. We then consider all the stars within a slit with size ∆ along the major and minor axis and calculate µ through equation 6 we estimate the inclination angle for 8 GCs. We report the results in Table  4 . We note that the values of inclination obtained using the two different methods outlined in this section (equations 5 and 6) are fully consistent with each other.
CONCLUSIONS
We exploit the proper motion sample from Gaia DR2 to conduct a systematic search for rotation signatures on the plane-of-the-sky for a large sample of MW GCs. First we select 51 clusters for which a signature of rotation of 1 km s −1 is likely to be measurable given the number of measured stars and their distance. For these clusters we select Gaia DR2 data within three half-light radii of their centres and perform a cleaning of the sample to select probable cluster members and discard contaminants. For each cluster we measure the mean tangential proper motion component within the selected field-of-view and consider as a rotation detection the cases in which the mean velocity is significantly different than zero at least at a 3-sigma confidence level. With this procedure we identify 11 rotating clusters: NGC104, NGC5139, NGC5272, NGC5904, NGC6656, NGC6752, NGC6809, NGC7078 (for which rotation was reported by Gaia Collaboration et al. 2018a) and additionally NGC4372, NGC6273 and NGC7089. Additionally, we reported 11 GCs with rotation detection at a 2-sigma level (NGC3201, NGC5286, NGC6121, NGC6205, NGC6254, NGC6266, NGC6397, NGC6402, NGC6539, NGC6541, NGC6779) and identify these GCs as the ideal targets for follow-up internal rotation studies.
For each of the rotating clusters we construct proper motion rotation profiles and two-dimensional velocity maps. The rotation in the tangential component of our clusters is characterized by a differential rotation structure, with low rotation amplitudes near the centre, a peak in the region around 0.5-2 R h , and an outward decrease. The values of the rotation peak span a range between 0.7 − 6 km s −1 . For consistency, we check the profiles for the radial component of the proper motions and find them to be consistent with the expected perspective expansion/contraction due to the clusters' bulk motions along the line-of-sight.
In order to quantify the relevance of rotation with respect to random motion we measure the V /σ parameter on the plane-of-the-sky, finding values between V /σ 0.08 − 0.51. We report evidence for a mild correlation between V /σ and the relaxation time of a cluster, indicating that dynamically relaxed clusters have more efficiently dissipated their internal angular momentum, due to their longterm dynamical evolution. Moreover, we find a correlation between the V /σ and the metallicity of a cluster, with metalrich clusters exhibiting higher values of rotation. Both of these correlations convey important pieces of information for the early phases of cluster formation and subsequent dynamical evolution. However, we notice that a thorough interpretation of these results would require the study of the three-dimensional intrinsic angular momentum, in order to avoid projection effects.
We show in this work that the kinematic information from our proper motion analysis can be used to estimate the three-dimensional structure of the clusters. We are able to constrain the inclination of the rotation axis for 8 GCs, using two different methods. We confirm previous literature studies indicating that NGC104 and NGC5139 have an inclination angle i 30
• and i 45 • , respectively. For NGC4372, NGC5904, NGC6656, NGC6752, NGC7078 and NGC7089 we provide the inclination measurement for the first time.
Our analysis reveals the strength of Gaia proper mo-tions for internal dynamical studies of GCs and sets the basis for future comparisons with line-of-sight kinematics. Finally, our work demonstrates the fundamental role of angular momentum in todays GCs and emphasizes the need for comprehensive three-dimensional dynamical studies to shed light onto cluster dynamical evolution, cluster formation and proto-GCs properties.
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